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SUMMARY 


The  objective  of  this  program  was  to  determine  the  ability  of  current-design  composite  fan 
blades  to  resist  damage  from  foreign  object  ingestion,  to  permit  evaluating  their  adaptation  to 
advanced  STOL  engines.  The  program  was  divided  into  four  tasks  to  achieve  this  objective: 
(1)  blade  fabrication,  (2)  quality  assurance,  (3)  impact  testing,  and  (4)  foreign  object  damage 
evaluation. 

Ten  blades  were  produced  using  an  existing  P&WA  design  and  fabrication  procedures  previ¬ 
ously  developed  for  the  composite  fan  blade.  Five  blades  were  constructed  of  Modmor 
II  graphite  fiber/BP-907  epoxy  resin,  and  five  blades  were  made  from  boron  fiber/BP-907 
epoxy  resin.  Both  types  of  blades  had  a  metal  leading  edge  sheath  for  added  protection 
from  foreign  object  damage. 

Quality  assurance  testing  was  performed  on  the  composite  prepreg  tape  before  it  was  used 
for  blade  fabrication.  Various  non-destructive  inspections  including  density,  ultrasonic, 
radiography,  frequency,  and  dimensional  were  performed  both  during  and  after  completion 
of  blade  fabrication  to  insure  their  quality  before  being  impact  tested. 

The  composite  fan  blades  were  individually  impact  tested  in  a  spin  pit  under  conditions  sim¬ 
ulating  STOL  engine  operation.  The  impact  velocity  was  216  m/sec  (708  ft/sec)  with  the 
angle  of  impact  being  30  degrees.  Each  of  the  five  graphite/epoxy  and  five  boron/epoxy 
blades  were  impacted  with  one  of  five  foreign  objects.  The  impacting  objects  were  ice  balls, 
two  sizes  of  gelatin  balls  simulating  birds,  starlings,  and  gravel.  The  blade  impact  was  docu¬ 
mented  by  the  use  of  high  speed  photography  and  closed  circuit  television. 

Both  the  graphite/epoxy  and  boron/epoxy  blades  behaved  similarly  under  impact,  and  dam¬ 
age  was  confined  to  the  impact  area.  The  damage  threshold  was  determined  to  be  between 
40g  (1.4  oz)  and  105g  (3.7  oz)  slice  size  for  graphite/epoxy  blades  and  between  45g  (1.6  oz) 
and  130g  (4.6  oz)  slice  size  for  boron/epoxy  blades.  The  composite  fan  blades  had  in¬ 
adequate  resistance  to  foreign  object  damage  when  impact  tested  under  simulated  STOL 
engine  conditions. 
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INTRODUCTION 


The  successful  development  of  an  improved  military  and  commercial  air  transportation  system  is 
dependent  upon  a  continuing  effort  to  advance  the  present  state  of  technology.  The  meeting  of 
design  requirements  for  aircraft,  such  as  the  STOL,  requires  the  exploration  of  new  materials  and 
the  testing  of  engine  components  before  integration  and  assembly.  The  use  of  composite  material 
for  future  engines  is  being  evaluated  and  analyzed.  The  fiber-reinforced  composite  fan  blades 
have  demonstrated  that  they  now  meet  many  of  the  design  requirements  for  STOL  applications. 
The  composite  materials  have  high  strength,  high  stiffness,  and  low  density.  Graphite  or  boron 
fiber/resin-matrix  composite  has  the  potential  for  lightweight  STOL  engine  fan  blades. 

The  gas  turbine  engine  is  designed  to  accept  foreign  object  ingestion.  The  failure  of  a  fan  blade 
can  cause  a  variety  of  detrimental  effects  which  could  endanger  the  safety  of  the  aircraft.  The 
severity  of  damage  done  to  fan  blades  when  impacted  by  a  foreign  object  is  related  to  the  size, 
weight,  velocity  and  impact  angle  of  the  object  when  ingested.  The  ability  of  a  composite  fan 
blade  to  withstand  impact  damage  is  a  critical  design  requirement. 


The  objective  of  this  program  is  to  determine  the  ability  of  current  design  composite  fan 
blades  to  resist  damage  from  foreign  object  ingestion  at  STOL  low  tip  speed  conditions.  To 
achieve  this  objective,  ten  low  aspect  ratio  composite  fan  blades  were  manufactured 
and  tested  at  Pratt  &  Whitney  Aircraft.  Existing  equipment  and  techniques  were  used  to  fab¬ 
ricate  five  graphite  fiber-reinforced  epoxy  composite  and  five  boron  fiber-reinforced  epoxy 
composite  wide-chord  fan  blades.  Both  types  of  blades  have  a  nickel  plated  stainless  steel 
leading  edge  protection  sheath.  The  blades  were  impacted  with  foreign  objects  (ice  balls,  gravel, 
simulated  birds  and  starlings)  in  an  existing  vacuum  whirlpit  spin  test  rig.  Evaluation  of  the 
foreign  object  damage  (FOD)  which  occurred  was  complemented  by  high-speed  photographic 
movies  of  the  testing. 
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TEST  BLADES 


Description  of  Blades 

The  ten  blades  used  for  this  program  were  fabricated  from  an  existing  design  developed  pre¬ 
viously  at  Pratt  &  Whitney  Aircraft.  The  fan  blade  was  designed  for  a  high  by-pass  ratio  gas 
turbine  engine,  requiring  a  430  m/sec  (1410  ft/sec)  tip  speed,  compared  to  the  244  m/sec 
(800  ft/sec)  tip  speed  for  an  advanced  STOL  blade.  The  composite  fan  blade  is  81.0  cm  (31.9 
inches)  long  and  has  an  airfoil  root  chord  of  23.4  cm  (9.2  inches)  and  tip  chord  of  30.8  cm 
(12.1  inches).  The  maximum  thickness  tapers  from  2.0  cm  (.79  inch)  at  the  airfoil  root  to  .7 
cm  (.27  inch)  at  the  tip.  The  airfoil  is  twisted  61  degrees.  A  completed  blade  is  pictured  in 
Figure  1. 

Five  blades  were  manufactured  from  Modmor  II  graphite  fiber/BP-907  epoxy  resin  composite 
prepreg  tape.  The  other  five  blades  were  fabricated  from  .014  cm  (5.6  mil)  diameter  boron 
fiber/type  104  fiber  glass  scrim/BP-907  epoxy  resin  composite  prepreg  tape.  Other  than  these 
material  differences,  construction  is  identical  for  the  two  types  of  blades.  The  composite  tape 
is  arranged  in  plies  such  that  the  center,  or  core,  of  the  blade  consists  of  fibers  at  angles  of  plus 
and  minus  ten  degrees  from  the  radial  direction,  as  shown  in  Figure  2.  The  core  thickness  is 
40  percent  of  the  airfoil  maximum  thickness  at  any  radial  section.  Surrounding  the  core  is  a 
shell  of  ±40  degree  fiber  plies.  A  pair  of  ±25  degree  fiber  plies  is  placed  between  the  core  and 
shell  to  act  as  a  transition.  The  fiber  orientation  used  provide  the  desired  strength  and 
vibration  characteristics  to  the  blade. 

Only  the  ±10  degree  plies  are  extended  into  the  blade  root  where  they  are  splayed  by  ten  alu¬ 
minum  wedges,  as  illustrated  in  Figure  3.  The  root  configuration  is  determined  by  the  blade 
strength  requirements.  Two  titanium  pads  provide  the  bearing  surfaces  of  the  dovetail  root. 

The  leading  edge  of  the  blade  is  protected  from  root  to  tip  by  a  metal  sheath.  An  0.013  cm 
(5  mil)  thick  stainless  steel  sheath  wraps  around  the  leading  edge  and  extends  chordwise  8  cm 
(3  inches)  from  the  edge  on  the  pressure  (concave)  surface  and  3  cm  (1  inch)  on  the  suction 
(convex)  surface.  The  sheath  is  hard  nickel  plated  for  additional  protection. 

Composite  Material  Quality  Assurance 

The  composite  prepreg  tape  received  from  vendors  for  use  in  this  program  was  put  through  a 
series  of  quality  assurance  tests.  Samples  from  each  prepreg  tape  lot  were  visually  inspected 
for  uniformity  of  resin  content,  fiber  alignment  and  fiber  spacing.  The  prepreg  tape  was  also 
tested  for  resin  content,  volatile  content,  resin  flow,  and  gel  time.  These  properties  were 
determined  on  the  as  received  tape  and  repeated  after  storing  samples  at  ambient  conditions 
for  one  week.  (Note:  The  prepreg  material  is  normally  refrigerated  for  storage).  The  pro¬ 
cedure  used  in  this  quality  control  work  is  described  in  Appendix  A. 

Samples  from  the  prepreg  tape  were  also  used  to  fabricate  panels  (composite  laminates)  from 
which  mechanical  test  specimens  were  machined.  Longitudinal  tensile  strength,  modulus 
and  short  beam  interlaminar  shear  strength  were  determined  at  room  temperature  for  each 
material  lot.  The  composite  laminates  were  also  used  for  fabrication  process  verification.  The 
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cured  ply  thickness,  fiber  volume  percent,  and  composite  density  were  determined  for  each 
panel.  The  procedures  used  for  fabrication  and  test  of  the  laminates  are  described  in  Appendix  B. 

The  Modmore  II  graphite/BP-907  epoxy  prepreg  tape,  received  on  30  cm  (12  inch)  wide  con¬ 
tinuous  rolls,  was  of  acceptable  quality.  Quality  assurance  test  results  are  presented  in  Tables 
I  and  II.  The  boron/BP-907  epoxy  prepreg  tape,  received  on  8  cm  (3  inch)  wide  continuous 
rolls,  was  also  of  acceptable  quality.  Quality  assurance  test  results  for  this  material  are  shown 
in  Tables  ill  and  IV. 


TABLE  I 

QUALITY  ASSURANCE  TEST  RESULTS 
MODMOR  II  GRAPHITE/BP-907  EPOXY  PREPREG  TAPE 


Lot  #449 


Required 

Roll  #1 

Roll  #3 

Roll  #5 

Resin  Content  -  Weights 

38-42 

38.3 

39.7 

40.2 

Volatile  Content  -  As  Received  -  Weight# 

Volative  Content  -  After  One  Week  -  Weight# 

<2 

.62,  .55 
.49,  .49 

.38.  .46 
.60.  .53 

.42.  .52 
.47.  .47 

Resin  Flow  -  As  Received  -  Weight# 

Resin  Row  -  After  One  Week  -  Weight# 

9-18 

12.4,  11.2 
10.8.  10.4 

12.9,  12.5 
11.2.  11.2 

12.4.  12.4 

10.4.  11.1 

Gel  Time  -  As  Received  -  Minutes 

Gel  Time  -  After  One  Week  -  Minutes 

- 

83.2 

67.4.  75.2 

83.1.91.8 

77.4 

89.2.  83.4 
84.2 

TABLE  II 

QUALITY  ASSURANCE  TEST  RESULTS 
MODMOR  II  GRAPHITE/BP-907  EPOXY  LAMINATES 


Longitudinal  Tension 

Roll  #1 

Lot  #449 

Roll  #3 

Panel  Code 

FM 

FN 

Cured  P!v  Thickness  -  cm/ply  (mils/ply) 

.019(7.3) 

.018(7.0) 

Density-g/cc 

1.48 

1.48 

Fiber  Content  -  Volume  % 

56 

57 

Resin  Content  -  Volume  % 

41 

40 

Void  Content  -  Volume  % 

3 

3 

Strength -GN/m2(103  psi) 

1.30(189),  1.240  80),  1.21(176) 

1.29(187),  1.13064),  1.25082) 

Modulus  -  GN/m2(l06  psi) 

146(21.2),  150(21.8),  143(20.8) 

141(20.4),  153(22.2),  150(21.7) 

Roll  #5 


FO 

.018(7.1) 

1.48 

56 

41 

3 

1.20(174),  1.26(183).  1.14(166) 
142(20.6).  142(20.6).  135(19.6) 


Short  Beam  Interlaminar  Shear 

Panel  Code 

FQ 

FR 

Cured  Ply  Thickness  -  cm/ply  (mils/ply) 

.018(7.2) 

.018(7.1) 

Density  -  g/cc 

1.47 

1.47 

Fiber  Content  -  Volume  # 

55 

58 

Resin  Content  -  Volume  % 

42 

38 

Void  Content  -  Volume  # 

3 

4 

Strength  -  GN/m2(103  psi) 

.0820(11.9),  .0814(11.8). 

.08480  2.3).  .0855(12. 

.0834(12.1) 

.090303.1) 

FS 

.018(7.2) 

1.47 

58 

37 

5 

.0779(11.3).  .081401.8) 
.0800(  1 1 .6 


TABLE  III 

'QUALITY  ASSURANCE  TEST  RESULTS 
BORON/BP-907  EPOXY  PREPREG  TAPE 


Required 

Lot  #257 

Lot  #259 

Lot  #265 

Resin  Content  -  Weight  # 

30-34 

31.9 

31.8 

33.1,  33.4 

Volatile  Content  -  As  Received  -  Weight  % 
Volatile  Content  -  After  One  Week  -  Weight  # 

<  2 

.36.  .39 
.12,  .16 

1.10,  .54 
.33,  .30 

.28.  .20 
.21.  .18 

Resin  Flow  -  As  Received  -  Weight  # 

Resin  Flow  -  After  One  Week  -  Weight  # 

9-18 

14.6,  14.6 

4.8,  4.9 

17.0 

16.8,  16.8 

21.4.  21.1 
17.8.  17.2 

(»el  Time  -  As  Received  -  Minutes 

Gel  Time  -  After  One  Week  -  Minutes 

- 

70.0.  73.0 

71.5.  70.8 

84.3 

77.8.  79.5 

74.8.  78.1 
70.0,  73.0 
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TABLE  IV 

QUALITY  ASSURANCE  TEST  RESULTS 
BORON/BP-907  EPOXY  LAMINATES 


Lot  #257 

Lot  #259 

Lot  #265 

Longitudinal  Tension 

Panel  Code 

Cured  Ply  Thickness  -  cm/ply  (mils/ply) 
Density  -  g/cc 

Fiber  Content  -  Estimated  Volume  % 
Strength  -  GN/nAlO^psi) 

Modulus  -GN/m2(  1 06psi) 

FP 

.019(7.6) 

1.82 

46 

1.25(182),  1.32(192),  1.44(209) 

2 1 3(30.9), 204(29.6),2 1 0(30.5 ) 

FV 

.017(6.7) 

1.94 

51 

1.36(198), 1.36(198), 1.37(199) 
221(32.0), 215(31.2),218(31.7) 

GD 

.020(7.8) 

1.87 

44 

1. 42(206),  1.16(168),1. 29(1 87) 
220(3 1 .9),2 1 3(30.9),200(29.0) 

Short  Beam  Interlaminar  Shear 

Panel  Code 

Cured  Ply  Thickness  -cm/ply  (mils/ply) 
Density  -  g/cc 

Fiber  Content  *  Estimated  Volume  % 
Strength  -  GN/m2(103 psi) 

FT 

.016(6.4) 

1.99 

54 

.  105(15.3),  .105(15.3),.103(15.0) 

FW 

.017(6.7) 

1.94 

51 

>.108(1 5.7)*  >.106(1 5.4)*, 
>.109(15.8)* 

GC 

.020(7.9) 

1.86 

43 

>.0945(1 3.7)*  >.0952(1 3.8)*, 
>.0938(13.6)* 

*  Failed  in  tension 


Blade  Fabrication  Procedure 

The  composite  fan  blades  fabricated  for  use  in  this  program  were  produced  using  tech¬ 
niques  equipment  developed  previously  by  Pratt  &  Whitney  Aircraft.  There  were  only 
minor  modifications  to  and  improvements  upon  the  established  procedures.  The  composite 
materials  used  in  this  program  required  that  new  ply  templates  be  made  because  of  the  thinner 
cured-ply  thickness.  The  new  ply  shapes  were  computer  generated. 

Fabrication  procedures  are  identical  for  both  the  graphite/epoxy  and  boron/epoxy  fan  blades. 
The  first  step  in  the  blade  fabrication  is  to  trace  the  ply  shapes  from  templates  onto  the  pre- 
preg  tape,  maintaining  the  proper  fiber  orientation  for  core,  shell,  and  transition  plies.  The 
plies  are  cut  from  the  tape  using  scissors  or  razor  blades.  Typical  plies  are  shown  in  Figure 
4.  After  the  plies  are  cut  they  are  ready  for  lay-up  on  the  molding  die.  The  ten  aluminum 
root  wedges  must  be  prepared  for  lay-up  by  grit  blasting  and  chemically  cleaning  the  surfaces. 
The  wedges  are  then  given  a  thin  coating  of  BP-907  epoxy  resin,  and  then  oven  dried. 

Plies  and  wedges  are  layed-up  on  the  convex  surface  of  the  molding  die  maintaining  the  proper 
sequence  and  position.  A  vacuum  bag  is  intermittently  used  during  and  upon  completion  of 
the  lay-up  to  debulk  the  ply  lay-up.  The  die  side  plates,  end  plates,  and  punch  are  then  assem¬ 
bled,  and  the  die  is  loaded  into  a  hydraulic  press.  The  mold  is  gradually  closed  using  a 
maximum  pressure  of  5.34  MN/m^  (775  psi)  as  the  punch  and  die  are  heated  by  steam  to 
422°K  (300° F).  Temperatures  are  read  from  thermocouples  placed  within  the  blade  lay-up. 
The  temperature  is  increased  to  450°K  (350°F)  and  held  for  two  hours.  The  pressure  is  then 
reduced,  and  the  blade  is  held  for  an  additional  two  hours  at  450°K,  before  a  slow  cool  to 
room  temperature.  A  blade  is  shown  in  the  molding  die  in  Figure  5. 

The  flash  is  removed  from  the  blade  edges,  and  the  blade  is  put  through  a  series  of  non¬ 
destructive  inspections.  The  blade  tip  and  root  are  trimmed,  the  root  area  is  roughened  and 
cleaned  in  preparation  for  root  pad  bonding.  The  titanium  pads  are  grit  blasted  and  chemi¬ 
cally  cleaned.  RMI-380  adhesive  is  applied  to  the  blade  and  pad  surfaces  to  be  bonded.  The 
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pads  are  positioned  on  the  blade  root,  the  assembly  is  clamped  in  a  holding  fixture,  and 
the  adhesive  is  allowed  to  cure  for  24  hours  at  room  temperature.  The  blade  root  is  then 
finish  machined  by  conventional  methods. 

The  stretch-formed  .013  cm  (5  mil)  thick  stainless  steel  sheath  is  fitted  to  the  blade  leading 
edge.  Chordwise  slots  on  the  concave  side  of  the  sheath  facilitate  its  forming  over  the  airfoil 
surface.  The  blade  and  sheath  surfaces  to  be  bonded  are  roughened  and  cleaned.  AF-1 1 1 
film  adhesive  is  positioned  on  the  blade  leading  edge  and  the  sheath  is  placed  over  the  film. 

This  assembly  is  then  placed  in  a  vacuum  bag,  which  in  turn  is  placed  in  an  oven  at  394°K 
(250°F).  After  the  first  10  and  20  minutes  in  the  oven,  the  leading  edge  is  rolled  with  a  hard 
rubber  roller  to  insure  contact  between  the  blade  and  sheath.  The  assembly  is  held  in  the 
oven  for  an  additional  1 .5  hours  at  394°K.  Figure  6  shows  a  blade  with  the  leading  edge  sheath 
bonded  to  it. 

The  leading  edge  sheath  is  then  electroplated  with  hard  nickel  (Rc50)  using  the  fixture  shown 
in  Figure  7.  This  plating  fixture  provides  a  .064  cm  (25  mil)  build-up  of  nickel  at  the  leading 
edge  which  tapers  to  near  zero  thickness  at  the  sheath  edges.  Plating  completes  the  com¬ 
posite  fan  blade  fabrication.  The  blade  is  now  ready  for  non-destructive  inspections. 

Blade  Quality  Assurance 

Non-destructive  inspections  (NDI)  were  performed  on  the  composite  fan  blades  during 
and  after  completion  of  blade  fabrication  to  insure  blade  quality .  F  oil  owing  molding,  the 
composite  densities  of  the  blades  were  determined.  The  densities  for  the  graphite/ epoxy 
blades  (numbered  C-l  through  C-5)  and  the  boron/epoxy  blades  (numbered  B-l  through  B-5) 
are  presented  in  Table  V. 


TABLE  V 

COMPOSITE  FAN  BLADE  DENSITIES 


Blade  Number 

C-l 

C-2 

C-3 

C-4 

C-5 

B-l 

B-2 

B-3 

B-4 

B-5 


Density  (g/cc) 

1.46 

1.46 

1.46 

1.46 

1.45 

1.93 

1.92 

1.92 

1.96 

1.96 
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Also  after  molding,  the  blades  were  ultrasonically  inspected  for  indications  of  delamination 
or  high  porosity  within  the  airfoil.  The  equipment  used  for  these  inspections  of  composite 
consolidation  is  pictured  in  Figure  8.  Graphite/epoxy  blades  C-l,  C-3,  and  C-5  had  indica¬ 
tions  of  porosity  or  delamination  in  the  areas  shown  in  Figures  9,  10,  and  1 1.  Boron/epoxy 
blade  B-2  had  an  ultrasonic  signal  decrease,  indicating  possible  porosity,  as  shown  in  Figure 
12.  The  remaining  six  composite  blades  had  no  ultrasonic  indications. 

Radiography  inspection  was  performed  after  blade  molding.  The  X-ray  technique  was  used 
to  detect  fiber  breakage  and  density  variation.  All  ten  blades  were  of  acceptable  quality 
based  on  this  radiographic  inspection. 

Upon  completion  of  blade  fabrication,  the  root  pad  bond  and  leading  edge  sheath  bond  were 
both  inspected  by  ultrasonic  techniques.  The  blade  root  was  also  checked  with  fluorescent 
penetrant  for  defects.  Results  of  all  inspections  were  satisfactory  for  all  ten  blades. 

The  blade  natural  frequencies  in  the  first  bending,  second  bending,  and  first  torsional  modes 
were  determined.  A  blade  is  pictured  on  the  shaker  table  in  Figure  13,  and  the  frequency  test 
results  are  presented  in  Table  VI. 


TABLE  VI 

COMPOSITE  FAN  BLADE 
NATURAL  FREQUENCIES  (HERTZ) 


Blade  Number 

First  Bending 

C-l 

45 

C-2 

45 

C-3 

41 

C-4 

40 

C-5 

45 

B-l 

51 

B-2 

50 

B-3 

50 

B-4 

51 

B-5 

51 

Second  Bending 

First  Torsion 

103 

262 

103 

263 

97 

233 

97 

270 

103 

282 

111 

319 

109 

307 

110 

311 

110 

314 

110 

316 
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The  airfoil  section  (K-K)  to  be  impacted  was  charted  for  each  of  the  ten  completed  blades. 
Section  K-K  is  illustrated  in  Figure  14,  and  the  measurements  from  the  blade  charts  are  pre¬ 
sented  in  Table  VII. 

TABLE  VII 

COMPOSITE  FAN  BLADE 

AIRFOIL  IMPACT  LOCATION  INSPECTION  RESULTS 
Section  K-K,  98.4  cm  (38.8  in)  Radius 
18.5  cm  (7.3  in)  from  blade  tip 

Chord  Angle  Maximum  Thickness  Leading  Edge  Radius 

Blade  Number  Degrees  cm  (Inch)  cm  (Inch) 


C-l 

29.2 

1.10 

(.433) 

.132 

(.052) 

C-2 

28.9 

1.13 

(.443) 

.132 

(.052) 

C-3 

29.1 

1.04 

(.410) 

.132 

(.052) 

C-4 

28.6 

1.10 

(.433) 

.132 

(.052) 

C-5 

28.6 

1.14 

(.450) 

.132 

(.052) 

B-l 

28.7 

1.11 

(.437) 

.132 

(.052) 

B-2 

29.0 

1.07 

(.423) 

.122 

(.048) 

B-3 

28.7 

1.09 

(.430) 

.132 

(.052) 

B-4 

28.6 

1.09 

(.430) 

.132 

(.052) 

B-5 

29.1 

1.08 

(.427) 

.127 

(.050) 
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IMPACT  TESTING 


Description  of  Tests 

The  composite  fan  blade  impact  tests  were  performed  under  conditions  simulating  a  typi¬ 
cal  STOL  engine  environment.  A  STOL  take-off  flight  condition,  aircraft  speed  41  m/sec 
(80  knots)  and  blade  tip  speed  244  m/sec  (800  ft/sec),  was  used.  It  was  assumed  that  the 
foreign  object  would  strike  the  STOL  blade  at  an  airfoil  section  where  the  chord  angle  is 
38  degrees  (80%  span)  and  the  blade  tangential  velocity  is  212  m/sec  (695  ft/sec).  It  was 
further  assumed  that  the  object  enters  the  engine  at  the  aircraft  velocity  of  41  m/sec  (135  ft/sec). 
These  velocities  give  a  resultant  impact  velocity  of  216  m/sec  (708  ft/sec)  at  an  angle  of 
27  degrees  from  the  airfoil  section  chord  line. 

In  the  actual  testing  of  the  composite  fan  blades  in  the  spin  pit,  the  foreign  object  speed 
is  negligible  since  the  object  is  merely  dropped  and  accelerated  only  a  short  distance  by 
gravity.  The  airfoil  impact  section  (K-K)  has  a  chord  angle  of  30  degrees  including  dyna¬ 
mic  untwist  with  no  air  loading.  The  three  degree  difference  from  the  desired  27  degree 
angle  was  considered  acceptable  for  this  test  program.  A  rotational  speed  of  219  rad/sec 
(2090  rpm)  is  necessary  to  provide  a  216  m/sec  (708  ft/sec)  velocity  at  Section  K-K, 
which  is  at  an  engine  radius  of  98.4  cm  (38.8  in).  These  conditions,  illustrated  in  Figure 

15,  were  used  throughout  the  impact  testing  program. 

One  blade  of  each  composite  material,  graphite/epoxy  and  boron/epoxy,  was  used  in  each 
of  five  types  of  impact  tests.  The  foreign  objects  used  were  ice  balls,  gelatin  balls  (two 
sizes),  quartz  gravel,  and  starling  birds.  Sample  impacting  objects  are  pictured  in  Figure 

16.  Except  in  the  case  of  the  gravel  tests,  the  impacting  object  was  timed  to  be  struck 
approximately  at  its  mid-point  by  the  blade  leading  edge  at  Section  K-K  [18.5  cm  (7.3  in) 
from  blade  tip]  and  thereby  sliced  in  half.  The  impact  tests  were  set  up  to  allow  only  one 
impact  per  object,  so  that  the  blade  damage  from  first  impact  could  be  evaluated.  High 
speed  photography  was  used  to  document  the  blade  impacts. 

Graphite/epoxy  blade  C-l  and  boron/epoxy  blade  B-l  were  each  impacted  with  an  ice  ball. 

The  ice  balls  were  molded  from  distilled  water  with  a  blue  dye  added  for  photographic 
purposes  and  strands  of  string  inserted  to  suspend  them  during  impact  testing.  The  5 . 1  cm 
(2.0  in)  diameter  balls  were  removed  from  the  mold  approximately  six  hours  before  testing 
and  kept  frozen  at  270°K  (25°F).  The  set-up  time  required  for  the  test  was  approximately 
thirty  minutes,  during  which  time  some  melting  of  the  ice  ball  occurred.  However,  the  weight 
loss  was  determined  to  be  only  three  percent  of  the  original  75g  (2.6  oz)  weight  and  therefore 
acceptable. 

Gelatin  balls  were  molded  one  day  before  the  test  using  four  parts  of  water  (by  weight) 
and  one  part  of  pigskin  gelatin  powder  (250  bloom  size).  Again  red  dye  and  supporting 
strands  were  used  for  the  test.  Two  sizes  of  gelatin  balls  were  produced,  165g  (5.8  oz) 
and  320g  (11.2  oz),  to  simulate  birds  of  different  size.  Graphite/epoxy  blade  C-2  and 
boron/epoxy  blade  B-2  were  impacted  with  the  larger  gelatin  balls,  while  blades  C-3  and 
B-3  were  tested  using  the  1 65g  balls.  Blades  C-3  and  B-3  were  each  strain  gaged  to  check  the 
response  of  the  leading  edge  impact  area  and  the  airfoil  root,  when  the  blade  was  struck  with 
the  165g  gelatin  ball. 
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The  quartz  gravel  used  for  the  testing  of  blades  C-4  and  B-4  was  of  irregular  shape  with  a 
nominal  diameter  of  .64  cm  (.25  in).  Approximately  130  pieces  of  gravel  were  required  for 
the  30g  (1.1  oz)  used  in  each  test.  The  gravel  was  dropped  on  the  blades  from  mid-span  to 
tip  with  a  greater  concentration  of  stones  being  dropped  at  the  Section  K-K  impact  area. 

The  impacts  between  gravel  and  blade  took  place  during  approximately  fourteen  revolutions. 

Starlings  were  killed  within  two  weeks  of  the  test  date  and  frozen  until  the  day  before  test¬ 
ing.  After  thawing,  each  bird  was  tied  into  a  compact  bundle,  as  shown  in  Figure  17.  A  bird 
weighing  75g  (2.6  oz)  was  used  in  the  test  of  graphite/epoxy  blade  C-5.  Boron/epoxy  blade 
B-5  was  impacted  with  a  80g  (2.9  oz)  starling. 

Test  Apparatus  and  Procedure 

The  composite  fan  blades  were  individually  impact  tested  using  the  rotating  arm  rig  shown 
in  Figure  18  with  a  blade  installed.  Blades  were  painted  with  a  blue  and  white  striped 
pattern  and  Section  K-K  was  targeted  to  aid  in  analyzing  movies  of  the  testing.  The  blades 
were  spun  about  a  vertical  axis  with  the  rig  mounted  in  an  evacuated  spin  pit  and  driven  by  a 
steam  turbine,  as  pictured  in  Figure  19.  Spin  rig  rotational  speed  and  the  test  events  were 
monitored  and  controlled  at  the  test  stand  control  panel  shown  in  Figure  20. 

Color  high-speed  movies  of  each  impact  were  taken  using  two  cameras.  Camera  No.  1  was 
operated  at  5200  frames  per  second  and  gave  a  close-up  view  of  the  blade  impact  area.  Ca¬ 
mera  No.  2,  with  an  over-all  view  of  the  blade  at  impact,  operated  at  5500  frames  per  second. 
This  photography  proved  invaluable  in  setting  up  the  test  system,  in  correcting  system  mal¬ 
functions,  and  in  showing  the  manner  in  which  blade  damage  occurred  from  impact.  Closed 
circuit  television  with  video  tape  recording  was  also  used  to  monitor  testing  system  operation. 

For  each  test,  the  blade  was  timed  to  slice  the  ice  ball,  gelatin  ball,  or  starling  in  half.  This  re¬ 
quired  an  accurately  timed  drop  mechanism  for  each  impacting  object.  The  object  was  held 
by  a  string  25  cm  (10  in)  above  the  blade  leading  edge  at  Section  K-K  as  shown  schematically 
in  Figure  2 1 .  When  the  spin  rig  was  at  the  proper  speed  and  the  test  was  to  be  initiated,  a 
control  was  actuated  which  released  the  opposite  end  of  the  string  into  the  path  of  the  blade 
which  then  cut  the  string  allowing  free  fall  of  the  impacting  object.  The  circumferential 
location  at  which  the  string  was  cut  in  the  spin  pit  was  calculated  to  provide  the  proper  timing 
for  the  object  to  be  sliced  in  half.  The  start-up  of  the  high-speed  cameras  was  also  timed  with 
the  string  release  such  that  the  film  was  at  full  speed  when  impact  occurred.  The  time  duration 
from  start  to  completion  of  the  test  sequence  was  approximately  one-half  second.  Figure  22 
shows  a  gelatin  ball  set-up  in  the  drop  mechanism. 

Additional  provisions  in  the  test  system  were  included  to  prevent  more  than  one  impact  between 
blade  and  foreign  object.  A  plate  of  barbed  spikes  were  placed  above  the  object  drop  location 
so  that  when  the  top  half  of  the  object  rebounded  from  the  blade,  it  would  be  impaled  on  the 
spikes  and  thus  kept  from  striking  the  blade  again.  As  a  back-up  for  this  catching  method,  a 
string  shortener  was  also  used.  This  device,  which  was  automatically  activated  after  impact, 
retracted  the  string  holding  the  object  so  that  the  top  half  of  the  object  would  be  above  the 
level  of  the  blade  leading  edge,  and  therefore  prevent  a  second  impact.  The  top  portion  of  the 
object  could  be  retrieved  after  testing  and  the  slice  size  thus  determined. 
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Test  trials  using  gelatin  balls  were  performed  on  a  titanium  fan  blade  of  comparable  size  to  check 
the  test  timing  systems  and  object  catching  systems.  The  equipment  was  adjusted  and  calibra¬ 
ted  until  satisfactory  results  were  obtained. 

The  impact  tests  using  ice  balls  and  starlings  were  set  up  in  the  same  manner  as  for  the  gela¬ 
tin  ball  tests.  The  gravel  tests  used  a  hopper  which  spread  the  stones  over  the  outer  half  of 
the  blade.  Timing  in  the  gravel  tests  was  not  critical  since  impacts  occurred  throughout  se¬ 
veral  revolutions  of  the  blade. 

Test  Results  and  Discussion 

One  composite  fan  blade  of  each  material  type  was  impact  tested  with  one  of  the  five 
impacting  objects  used  in  the  program.  Table  VIII  summarizes  the  tests  conditions.  Graphite/ 
epoxy  blades  are  numbered  C-l  through  C-5  and  boron/epoxy  blades  are  serialized  B-l  to  B-5. 
Ultrasonic  inspection  was  performed  on  each  blade  following  testing.  The  test  conditions 
shown  in  Table  VIII  are  discussed  in  detail  in  the  following  paragraphs. 


TABLE  VIII 

COMPOSITE  FAN  BLADE 
IMPACT  TEST  CONDITIONS 


Blade 

Number 

Impacting 

Object 

Object  Diameter 
cm.  (in.) 

Object  Weight 
g.  (oz.) 

Slice  Size 
g.  (oz.) 

Notes 

C-l 

Ice  ball 

5.1  (2.0) 

75  (2.6) 

— 

B-l 

Ice  ball 

5.1  (2.0) 

75  (2.6) 

— 

C-2 

Gelatin  ball 

8.4  (3.3) 

320(11.2) 

110(3.8) 

First  Impact 

C-2 

Gelatin  ball 

8.4  (3.3) 

320  (11.2) 

210(7.4) 

Second  Impact 

B-2 

Gelatin  ball 

8.4  (3.3) 

320(11.2) 

210(7.4) 

C-3 

Gelatin  ball 

6.8  (2.7) 

165  (5.8) 

105  (3.7) 

Strain  Gaged 

B-3 

Gelatin  ball 

6.8  (2.7) 

165  (5.8) 

25  (.9) 

Strain  Gaged 

B-3 

Gelatin  ball 

6.8  (2.7) 

165  (5.8) 

130  (4.6) 

Strain  Gaged 

C-4 

Gravel 

.64  (.25) 

30(1.1) 

- 

1 30  pieces 

B-4 

Gravel 

.64  (.25) 

30  (1.1) 

- 

130  pieces 

C-5 

Starling 

— 

75  (2.6) 

40  (1.4) 

B-5 

Starling 

— 

80  (2.9) 

45  (1.6) 
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•  Ice  Ball  Tests 


In  the  5. 1  cm  (2.0  in)  diameter  ice  ball  impact  tests  of  blades  C-l  and  B-l ,  the  high  speed 
movies  showed  that  the  ice  ball  shattered  upon  contact  with  the  blade  leading  edge  in  each 
case.  Visual  damage  to  the  two  blades  after  impact  with  the  75g  (2.6  oz)  ice  balls  is  shown 
schematically  in  Figures  23  and  24  and  pictured  in  Figures  25  and  26.  The  small  area  of  com¬ 
posite  delamination  on  blade  C-l  was  in  the  area  where  ultrasonic  indications  of  poor  consolidation 
was  found  during  pre-test  NDI.  This  ultrasonic  area  grew  during  testing,  as  shown  in  Figure  27. 

The  tip  deflection  caused  by  the  impact  tends  to  further  loosen  any  existing  delamination.  Due 
to  the  designed  thinness  of  the  composite  at  the  blade  tip  leading  edge,  the  impact  has  an  in¬ 
creased  effect  on  this  area. 

The  damage  to  blade  B-l  from  the  ice  ball  impact  was  more  severe,  however,  no  post-test 
ultrasonic  indications  were  found.  High  speed  movies  show  that  blade  B-l  took  a  large  slice 
of  the  ice  ball  (approximately  three-quarters  of  the  ball),  whereas  blade  C-l  hit  the  ice  ball  at 
its  mid-point.  This  seems  to  be  the  only  factor  which  affected  the  amount  of  damage  sus¬ 
tained  by  each  blade.  The  difference  in  FOD  was  not  expected  due  to  the  composite  material 
differences.  The  FOD  threshold  is  very  likely  close  to  the  ice  ball  weight  of  75g  (2.6  oz). 

•  Gelatin  Ball  Tests 

Four  composite  blades  were  impact  tested  with  gelatin  balls  of  two  different  sizes.  The  im¬ 
pact  sequence  for  blade  C-2,  taken  from  the  high-speed  movies,  is  shown  in  Figure  28.  The 
manner  in  which  the  ball  is  sliced  and  in  which  the  blade  is  damaged  is  typical  for  all  of  the 
gelatin  ball  tests.  As  the  ball  is  cut  in  half,  the  blade  begins  tearing  chordwise  from  the  lead¬ 
ing  edge  impact  location.  As  this  tearing  continues,  the  blade  material  around  the  tear  lifts 
up  and  away  from  the  tear  causing  additional  tearing  in  the  radial  direction.  This  material 
then  breaks  loose  from  the  blade  as  some  of  the  gelatin  from  the  lower  half  of  the  ball  pushes 
through  the  torn  areas  of  the  blade.  The  top  half  of  the  gelatin  ball  remains  intact  after  going 
through  severe  distortions  from  the  impact. 

The  320g  (1 1 .2  oz)  gelatin  ball  impact  caused  damage  to  graphite/epoxy  blade  C-2  as  sketched 
in  Figure  29  estimated  from  the  final  sequence  photo  of  Figure  28.  The  high-speed  movies  revealed 
that  the  slice  size  for  this  first  impact  was  approximately  1  lOg  (3.8  oz).  In  this  test,  the  object 
catching  system  failed  to  prevent  a  second  impact.  The  remaining  210g  (7.4  oz)  piece  of  gela¬ 
tin  ball  hit  the  blade  inboard  of  Section  K-K  where  the  airfoil  chord  angle  is  greater.  The  dam¬ 
age  from  both  impacts  is  sketched  in  Figure  30  and  pictured  in  Figure  31.  Post-test  ultrasonic 
indications  correspond  to  the  delaminated  area  shown  in  Figure  30. 

Blade  C-3  sliced  105g  (3.7  oz)  from  the  165g  (5.8  oz)  gelatin  ball  which  impacted  the  blade 
leading  edge  at  Section  K-K.  Visual  damage  is  shown  in  Figures  32  and  33.  Ultrasomc  indica¬ 
tions  after  testing  were  in  the  areas  labeled  as  delamination  in  Figure  32. 

The  gelatin  ball  impact  tests  revealed  that  the  FOD  threshold  is  below  a  105g  (3.7  oz)  slice 
size  for  graphite/epoxy  blades.  The  leading  edge  sheath  offers  little  protection  to  the  blade 
and  the  composite  material  cannot  withstand  gelatin  ball  impacts  above  105g  (3.7  oz)  slice  size, 
at  the  angle  and  velocity  used  in  these  tests. 
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In  the  test  of  boron/epoxy  blade  B-2,  a  slice  greater  than  one-half  of  the  320  g  (1 1 .2  oz)  gela¬ 
tin  ball  was  taken.  The  210g  (7.4  oz)  slice  impact  caused  the  damage  shown  in  Figures  34 
and  35.  No  ultrasonic  indications  were  found  on  blade  B-2  following  testing. 

Boron/epoxy  blade  B-3  was  impacted  with  a  165  g  (5.8  oz)  gelatin  ball,  however,  a  malfunc¬ 
tion  in  the  drop  mechanism  caused  only  a  25g  (.9  oz)  slice  to  be  taken.  The  blade  was  visua¬ 
lly  and  ultrasonically  inspected  following  this  impact  and  found  to  be  undamaged.  Blade  B-3 
was  then  retested  with  a  new  165g  gelatin  ball.  A  130g  (4.6  oz)  slice  was  cut  from  this  ball 
and  blade  damage  did  occur  as  shown  in  Figures  36  and  37.  Post-test  ultrasonic  indications 
correspond  to  the  area  shown  as  delaminated  in  Figure  36. 

The  FOD  threshold  for  boron/epoxy  blades  was  determined  to  be  below  a  130g  (4.6  oz)  gela¬ 
tin  ball  slice  size  from  the  B-3  impact  test.  However,  the  severity  of  damage  with  the  210g 
(7.4  oz)  slice  taken  by  blade  B-2  was  not  significantly  worse  than  the  B-3  damage. 

•  Strain  Gaged  Tests 

Graphite/epoxy  blade  C-3  and  boron/epoxy  blade  B-3  were  each  instrumented  with  nine 
strain  gages  (S/G)  to  check  the  blade  response  from  impact  with  the  1 65g  (5.8  oz)  gelatin 
ball.  The  strain  gage  locations  are  shown  in  Figure  38.  The  gages  at  the  airfoil  root  were 
situated  to  give  maximum  response  to  blade  bending  and  torsional  vibration  in  fundamental 
modes.  The  gages  at  the  impact  section  were  oriented  to  show  response  to  chordwise  bend¬ 
ing  and  higher  plate  modes. 

During  impacting,  strain  versus  time  for  all  nine  gages  was  recorded  on  a  magnetic  tape 
system  with  a  flat  frequency  response  from  20  Hz  to  20  KHz.  For  the  first  instrumented 
test,  the  outputs  of  gages  5,  6,  7  and  8  were  also  displayed  on  an  oscilloscope  system  with  a 
flat  frequency  response  up  to  2  MHz.  This  oscilloscope  coverage  showed  that  there  were  no 
very-short  duration  pulses  from  stress  wave  propagation  due  to  impact.  Therefore,  the 
magnetic  tape  system  had  adequate  frequency  response  to  accurately  record  strain  versus 
time,  and  the  use  of  the  oscilloscope  was  discontinued. 

The  time  traces  from  the  oscillograph  film  play-back  of  the  magnetic  tape  recording  of  the 
impact  events  are  shown  in  Figures  39  and  40  for  blades  C-3  and  B-3,  respectively.  The 
physical  separation  between  tracks  on  the  magnetic  tape  leads  to  the  possibility  of  timing 
errors.  The  magnetic  tape/oscillograph  system  was  calibrated  in  time  using  a  step  input,  and 
the  results  are  shown  in  Figure  4 1 .  The  appropriate  corrections  have  been  applied  to  each 
channel  in  Figures  39  and  40,  so  that  the  channels  are  comparable  in  time. 


A  correlation  of  time  of  first  gage  disturbance  versus  gage  distance  from  the  leading  edge 
impact  location  is  presented  in  Figure  42,  for  the  five  gages  at  Section  K-K.  The  inverse 
slopes  of  the  curves  in  this  graph  give  characteristic  disturbance  velocities  of  706  m/sec 
(2320  ft/sec)  for  graphite/epoxy  blade  C-3  and  509  m/sec  (1670  ft/sec)  for  boron/epoxy 
blade  B-3. 
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Maximum  strains,  recorded  for  the  four  airfoil  root  gages  were  significantly  lower  than  the 
impact  section  gage  readings,  before  impact  gage  failure,  as  shown  in  Table  IX.  A  graph  of 
peak  strain  versus  gage  distance  from  the  impact  location  is  plotted  in  Figure  43  for  the 
Section  K-K  gages. 


TABLE  IX 

COMPOSITE  FAN  BLADE 
IMPACT  TESTING  STRAIN  GAGE  RESULTS 


Strain  Gage  Maximum  Strain-Mi  crons/m.  (p.  in/in) 

Number  Blade  C-3  Blade  B-3 


1 

307 

502 

2 

316 

658 

3 

583 

1820 

4 

53 

479 

5 

1760 

2160 

6 

1140 

2720 

7 

3040 

6130 

8 

5050 

4670 

9 

3170 

Table  X  shows  the  characteristic  frequencies  measured  during  each  strain  gaged  impact  test.  Also 
listed  for  comparison  are  the  pre-test  fundamental  mode  blade  natural  frequencies.  For 
each  blade,  the  lowest  frequency  at  impact  is  the  resultant  first  bending  frequency  after 
increases  due  to  rotational  speed  and  material  loss.  The  second  bending  and  first  torsional 
vibratory  modes  were  not  excited  by  the  gelatin  ball  impacts.  The  frequencies  at  impact 
indicate  that  except  for  first  bending,  high  frequency  plate  modes  predominate  after  im¬ 
pacting.  It  was  possible  to  see  these  various  blade  vibrations,  which  occurred  to  significant 
amplitudes,  in  the  high-speed  movies  of  the  impact  tests. 

TABLE  X 

COMPOSITE  FAN  BLADE 
EXCITATIONS  FROM  IMPACT  TESTING 

Blade  C-3  Blade  B-3 


Pre-Test  First  Bending  (Hz) 

41 

50 

Pre-Test  Second  Bending  (Hz) 

97 

110 

Pre-Test  First  Torsion  (Hz) 

233 

311 

Frequencies  at  Impact  (Hz) 

68 

63 

2290 

350 

3500 

610 

4000 

730 

1350 

2000 

2300 

2850 
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•  Gravel  Tests 


Blade  C-4  and  B-4  were  each  impacted  with  30g  (1.1  oz)  of  gravel.  The  leading  edge  sheath 
on  the  concave  side  of  C-4  came  off  the  blade  as  shown  in  Figures  44  and  45.  This  failure 
indicates  the  possibility  of  a  poor  bond  between  the  blade  and  sheath,  although  pre-test  NDI 
showed  no  lack  of  bonding.  Post-test  ultrasonic  inspection  showed  indications  in  the  two 
areas  illustrated  in  Figure  46. 

The  gravel  impact  results  on  blade  B-4  are  shown  in  Figures  47  and  48.  No  ultrasonic  indications 
were  found  after  testing.  Damage  at  the  leading  edge  is  negligible,  even  though  the  high-speed 
movies  show  that  impacts  did  occur  at  this  location.  However,  the  concave  side  sheath,  aft 
of  the  leading  edge,  was  nicked,  gouged,  and  unbounded,  as  pictured  in  Figure  49.  The  gravel, 
apparently  strikes  the  sheath  causing  compressive  stresses  on  the  sheath  exterior  surface.  The 
stress  differential  within  the  sheath  is  great  enough  to  break  the  sheath-to-blade  bond  and  then 
lift  the  sheath  from  the  surface  of  the  blade.  Therefore  it  is  concluded  that  with  a  better  bond 
between  sheath  and  blade,  the  leading  edge  sheath  could  offer  satisfactory  protection  from 
small  amounts  of  gravel  ingestion. 

•  Starling  Tests 

Blade  C-5  and  B-5  were  impacted  with  75g  (2.6  oz)  and  80  g  (2.9  oz)  starlings,  respectively. 

The  40g  (1 .4  oz)  slice  taken  by  C-5  and  the  45g  (1.6  oz)  slice  cut  by  B-5  caused  only  slight 
damage  in  each  case.  The  damage  which  occurred  seems  to  be  related  to  blade  fabrication 
problems.  Both  blades  are  pictured  in  Figures  50  and  51  respectively. 

The  visually  delaminated  area  of  C-5  shown  in  Figure  52,  which  also  corresponds  to  post-test 
ultrasonic  indications,  is  in  a  location  where  a  pre-test  ultrasonic  indication  was  present.  The 
starling  impact  caused  this  area  of  delamination  to  grow.  If  the  blade  had  been  well  consoli¬ 
dated  in  this  area,  possibly  no  damage  would  have  occurred  from  the  impact. 

Only  a  small  amount  of  leading-edge  sheath  unbonding,  as  shown  in  Figure  53,  resulted  from 
B-5  starling  impact.  Better  bonding  of  the  sheath  to  the  blade  could  perhaps  prevent  such 
damage.  No  post-test  ultrasonic  indications  were  found  on  this  blade. 

The  two  starling  tests  indicate  that  graphite/epoxy  and  boron/epoxy  blades  of  sound  construc¬ 
tion  are  capable  of  withstanding  a  starling  slice  size  of  at  least  40g  (1.4  oz)  and  45g  (1.6  oz) 
respectively. 

•  Blade  Damage  Summary 


A  tabulation  summarizing  the  test  conditions  and  the  extent  of  damage  sustained  by  each 
blade  during  the  impact  tests  is  shown  in  Table  XI. 
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COMPOSITE  FAN  BLADE  TEST  SUMMARY 
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[2]  After  two  impacts. 


•  Post-Test  Inspections 


In  addition  to  the  post-test  ultrasonic  inspection  done  on  each  blade  and  discussed  in  the  pre- 
ceeding  sections,  several  other  inspections  were  performed  on  the  blades  following  impacting. 
The  five  boron/epoxy  blades  were  x-rayed  after  testing.  No  change  from  the  pre-test  condition, 
other  than  the  gross  damage,  was  indicated  in  the  radiographs. 


Four  blades  which  lost  little  or  no  material  due  to  impacting  were  frequency  checked  follow¬ 
ing  testing.  As  can  be  seen  in  Table  XI,  the  changes  in  blade  natural  frequencies  before  and 
after  impacting  are  low.  In  most  cases  they  are  within  the  accuracy  band  of  the  measurement 
except  for  blade  C-5  torsional  frequency.  No  explanation  is  evident  from  the  post-test  inspec¬ 
tion.  Possibly  a  pre-test  reading  error  is  the  cause. 

Three  blades  (C-l ,  C-5  and  B-5)  which  had  little  damage  from  impacting  were  charted  at  the 
impacted  airfoil  section  (K-K)  to  check  for  permanent  deformation  of  the  blade.  Only  blade 
C-l  showed  such  a  deformation.  The  leading  edge  of  C-l  was  distorted  approximately  .05  cm 
(.02  inch)  for  a  distance  of  3  cm  (1  inch)  from  the  leading  edge. 

Graphite/epoxy  blade  C-3  was  sectioned  in  the  area  of  the  impact  damage  for  metallographic 
study.  Two  chordwise  sections  were  examined,  as  illustrated  in  Figure  54.  Section  1  revealed 
a  shear  crack  of  approximately  .41  cm  (.16  in)  length  angled  at  40°from  the  concave  blade 
surface  as  shown  in  Figure  55.  Section  2,  pictured  in  Figure  56,  revealed  five  interlaminar 
separations  which  propagated  for  a  length  of  .10  cm  (.04  in)  to  .66  cm  (.26  in)  in  the  chord- 
wise  direction.  No  internal  composite  damage  was  found  further  away  from  the  broken  area 
of  the  blade. 

TABLE  XII 


COMPOSITE  FAN  BLADE 
NATURAL  FREQUENCIES  (HERTZ) 


First  Bending 

Second  Bending 

First  Torsion 

Blade  Number 

Pre-Test 

Post-Test 

Pre-Test 

Post-Test 

Pre-Test 

Post-Test 

C-l 

45 

44 

103 

101 

262 

255 

C-5 

45 

45 

103 

101 

282 

248 

B-4 

51 

50 

110 

107 

314 

309 

B-5 

51 

51 

110 

106 

316 

298 
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CONCLUSIONS 


The  following  conclusions  have  been  drawn  based  upon  the  test  results  reported  herein  of  the 
composite  fan  blades  impacted  at  simulated  STOL  takeoff  conditions. 

•  Both  graphite /epoxy  and  boron/epoxy  blades  behave  similarly  under  small  object 
impact  and  FOD  is  confined  to  the  impact  area. 

•  Based  on  gelatin  ball  and  starling  impacts,  the  FOD  threshold  for  these  graphite/ 
epoxy  blades  is  between  40g  (1 .4  oz)  and  105g  (3.7  oz)  slice  size,  while  the  boron/ 
epoxy  blade  FOD  threshold  is  between  45g  (1.6  oz)  and  130g  (4.6  oz)  slice  size. 

•  An  adequately  bonded  leading  edge  sheath  could  protect  the  composite  blade  from 
small  amounts  of  gravel  ingestion. 

•  The  fact  that  a  5.1  cm  (2.0  in)  diameter  ice  ball  weighing  75g  (2.6  oz)  damaged  a 
boron/epoxy  blade  and  not  a  graphite/epoxy  blade  may  be  attributable  to  blade 
scatter  and  testing  close  to  the  blade  FOD  threshold. 

•  The  composite  fan  blades  tested  in  this  program  have  inadequate  resistance  to  FOD 
when  impact  tested  under  simulated  STOL  engine  conditions. 

•  To  date  a  satisfactory  demonstration  of  FOD  capability  on  composite  fan  blades 
has  not  been  achieved.  A  large  concentrated  and  integrated  FOD  development 
program  on  real  blades  is  required  if  the  FOD  problem  is  to  be  solved. 
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Figure  1  Composite  Fan  Blade 
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SHELL  PLIES  (±40°) 


TRANSITION  PLIES  (±25  ) 


Figure  2  Composite  Fan  Blade  -  Typical  Airfoil  Section 


Figure  3  Composite  Fan  Blade  -  Typical  Root  Section 


Figure  5  Composite  Fan  Blade  in  Molding  Die 
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Figure  8  Composite  Fan  Blade  -  Airfoil  Ultrasonic  Inspection 


Figure  9  Ultrasonic  Indications  on  Graphite/Epoxy  Blade  C-l  Before  Impact. 
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Leading 

Edge 


Figure  1 1  Ultrasonic  Indications  on  Graphite/Epoxy  Blade  C-5  Before  Impact. 


Figure  1 2  Ultrasonic  Indications  on  Boron/Epoxy  Blade  B-2  Before  Impact 


' 


Figure  1 3  Composite  Fan  Blade  -  Natural  Frequency  Determination 
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LEADING^ 

EDGE 

DIAMETER 


MAXIMUM 
THICKNESS 


Figure  1 4  Composite  Fan  Blade  -  Airfoil  Impact  Section  K-K 
18.5  cm  (7.3  in)  from  blade  tip 


OBJECT  VELOCITY  -  NEGLIGIBLE 


Figure  1 5  Composite  Fan  Blade  -  Impact  Testing  Condition 
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Figure  19  Spin  Pit  Set-up  for  Impact  Testing 
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Figure  20  Spin  Pit  Test  Stand  Control  Panel 
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DE  LAMINATION 


Figure  23  Visual  Damage  to  Graphite/Epoxy  Blade  C-l  Following  Impact  with  Ice  Ball 
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CONVEX  CONCAVE 


Figure  25  Graphite/Epoxy  Blade  C-l  Following  Impact  with  Ice  Ball 
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Frame  4 


Frame  2 


Figure  28  Gelatin  Ball  Impact  on  Graphite/Epoxy  Blade  C-2.  (Photo’s  from  high  speed  film) 
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Figure  30  Visual  Damage  to  Graphite/Epoxy  Blade  C-2  Following  Two  Impacts  with 
320g  Gelatin  Ball 
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CONVEX 


CONCAVE 


Figure  3 1  Graphite/Epoxy  Blade  C-2  Following  Two  Impacts  with  320g  Gelatin  Ball 
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Figure  32 


tt:*;:  DE LAMINATION 


L.E.  SHEATH  LOST 


Visual  Damage  to  Graphite/Epoxy  Blade  C-3  Following  Impact  with  165g 
Gelatin  Ball 
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l.e.  sheath  lost 

Figure  34  Visual  Damage  to  Boron/Epoxy  Blade  B-2  Following  Impact  with  320g  Gelatin 
Ball 
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L.E.  SHEATH  LOST 


DELAMINATION 


Figure  36  Visual  Damage  to  Boron/Epoxy  Blade  B-3  Following  Impact  with  165g  Gelatin 


S/G  #1  425  MICRONS/M 


S/G  #2  450  MICRONS/M  f 


S/G  #3  445  MICRONS/M 


S/G  #4  425  MICRONS/M  __ 


S/G  #5  5375MICRONS/M 


S/G  #6  4740  MICRONS/M 


S/G  #7  4815  MICRONS/M 


S/G  #8  4570  MICRONS/M 


"■-51  feAS 


Figure  39  Strain  Gage  Oscillograph  Record  from  Impact  Test  of  Graphite/Epoxy  Blade  C-3 


S/G  #  1  450  MICRONS/M 


S/G  #2  500  MICRONS/M 


S/G  #3  920  MICRONS/M 


S/G  #4  91 


S/G  #5  2690  MICRONS/M 


S/G  #6  2305  MICRONS/M 


S/G  #7  4780  MICRONS/M 


S/G  #8  3880  MICRONS/M 


Figure  40  Strain  Gage  Oscillograph  Record  from  Impact  Test  of  Boron/Epoxy  Blade  B-3 
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Figure  41  Magnetic  Tape/Oscillograph  System  Time  Calibration  Record 


MAXIMUM  STRAIN  (MICRONS/M)  TIME  OF  FIRST  S/G  SIGNAL  (^SEC.) 


-Qblade  C-3- 
O  BLADE  B-3 


°D - 2 - 4  6  8  10  12  U  16  18  2C 

S/G  DISTANCE  FROM  t.E.  (cm.) 

'igure  42  Strain  Gage  Disturbance  Time  at  Impact  Section  K-K 


FI  BLADE  C-3 

Oblac 

E  B-3 

ir 

S/G  DISTANCE  FROM  L.E.  (cm.) 


Figure  43  Maximum  Strain  at  Impact  Section  K-K 


Figure  44  Visual  Damage  to  Graphite/Epoxy  Blade  C-4  Following  Impact  with  Gravel 
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Figure  49  Boron/Epoxy  Blade  B-4  Following  Impact  with  Gravel 
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7.6  CM  (3.0'') 


DE LAMINATION 


Figure  52  Visual  Damage  to  Graphite/Epoxy  Blade  C-5  Following  Impact  with  Starling 


Figure  53  Visual  Damage  to  Boron/Epoxy  Blade  B-5  Following  Impact  with  Starling 


Figure  54  Metallographic  Section  Locations  -  Graphite /Epoxy  Blade  C-3 


CONCAVE  SIDE 


Figure  55  Photo-micrograph  of  Area  1,  (Figure  54),  of  Graphite/Epoxy  Blade  C-3 
Showing  Shear  Crack  ( 1 5X) 


Figure  56  Photo-micrograph  of  Area  2,  (Figure  54),  Graphite/Epoxy  Blade  C-3 
Showing  Interlaminar  Separations  ( 1 3X) 


APPENDIX  A 

PREPREG  TAPE  QUALITY  ASSURANCE  TEST  METHODS 


Identical  test  techniques  were  utilized  for  both  Modmor  II  graphite/BP-907  epoxy  and  Boron/ 
BP-907  epoxy  prepreg  tapes  except  where  otherwise  noted.  Tests  run  “after  one  week”  were 
conducted  in  identical  fashion  to  the  “as  received”  tests,  except  that  the  prepreg  tape  was 
stored  in  a  closed  cabinet  at  ambient  temperature,  pressure,  and  humidity  conditions  for  7 
days  prior  to  testing. 

A.  RESIN  CONTENT 

Graphite/Epoxy 

1 .  Cut  two  8  cm  x  8  cm  (3  in.  x  3  in.)  squares  of  prepreg  from  each  tape  to  be  in¬ 
spected. 

2.  Weigh  each  square  to  0.0001  g  and  record  weight. 

3.  Digest  the  resin  from  each  square  for  two  hours  in  concentrated  nitric  acid  at 
339°K  (150°F). 

4.  Wash  fibers  using  10  percent  nitric  acid  in  water  followed  by  distilled  water. 

5.  Dry  16  hours  at  approximately  389°K  (240°F). 

6.  Weigh  fibers  to  0.0001  g. 

initial  prepreg  weight  -  fiber  weight 

7.  Weight  percent  resin  = - x  100% 

initial  prepreg  weight 


Boron/Epoxy 

1 .  Cut  two  8  cm  x  8  cm  squares  of  prepreg  from  each  tape  to  be  inspected. 

2.  Weigh  each  square  to  0.0001  g  and  record  weight. 

3.  Burn  out  the  resin  for  1 2  hours  at  645°K  (700°F). 

4.  Weigh  boron  fiber  and  fiberglass  scrim  residue  to  0.0001  g. 

initial  prepreg  weight  -  boron  and  fiberglass  weight 

5 .  Weight  percent  resin  = - x  1 00% 

initial  prepreg  weight 

B.  VOLATILE  CONTENT 


1 .  Cut  two  8  cm  x  8  cm  squares  of  prepreg  from  non-adjacent  locations  in  each  tape 
to  be  inspected. 

2.  Weigh  each  immediately  to  0.0001  g. 

3.  Place  each  square  in  an  air  circulating  oven  at  422°K  (300°F)  for  Vi  hour. 

4.  Remove  and  weigh  to  0.0001  g. 


5 .  Weight  per  cent  volatiles 


initial  weight  -  dry  weight 
initial  weight 


x  100% 
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C.  RESIN  FLOW 


1 .  Prepare  two  flow  specimens  from  each  tape  to  be  inspected. 

2.  Cut  four  pieces  of  prepreg  8  cm  x  8  cm  square,  for  each  specimen,  and  weigh  to 

0.01  g. 

3 .  Cut  two  1 0  cm  x  1 0  cm  (4  in  x  4  in)  pieces  of  TX- 1 040  Teflon  release  fabric,  four 
equal  pieces  of  style  181  glass  scrim  bleeder  cloth,  and  two  20  cm  x  20  xm  (8  in  x 
8  in)  pieces  of  Mylar  film. 

4.  Layup  test  specimen  as  follows: 

Mylar  I  glass  I  glass  I  Teflon  I  prepreg:  0°  1 90°  I  0°  I  90°  I  Teflon  Iglass  I  glass  I  Mylar. 

5.  Insert  layup  into  hot  platen  press  at  422°K  (300° F),  apply  2.07  MN/m2  (300  psi) 
immediately,  and  hold  for  1 5  minutes. 

6.  Remove  layup  from  press,  remove  4  ply  composite  panel,  remove  any  excess  resin 
flash  from  panel  and  reweigh  to  0.01  g. 

initial  weight  -  final  weight 

7.  Weight  per  cent  resin  flow  = - ,  - r-rr - x  luu/o 

initial  weight 

D.  GEL  TIME 


1 .  Prepare  two  gel  time  specimens  from  each  tape  to  be  inspected. 

2.  Cut  eleven  to  sixteen  pieces  [as  required  to  mold  to  .20  cm  (80  mils)  nominal 
thickness]  of  prepreg,  3  cm  x  3  cm  (1  in  x  1  in)  square,  for  each  specimen. 

3.  Lay-up  specimen  with  plies  alternating  between  0°  and  90°  fiber  orientation. 

4.  Wrap  specimen  in  aluminum  foil  with  a  notch  cut  in  one  end  to  allow  resin 
squeeze-out. 

5.  Insert  specimen  in  platen  press  between  two  aluminum  plates  .23  cm  x  6.4  cm  x 
6.4  cm  (.09  in  x  2.5  in  x  2.5  in)  preheated  to  422°K  (300°F). 

6.  Start  stop-watch  and  close  press  just  enough  to  produce  resin  bead  at  the  notch  in  a 
minimum  period  of  time. 

7.  Probe  resin  bead  with  rods  until  long  strings  or  threads  of  resin  cease  to  form  and 
stop  stop-watch. 

8.  Gel  time  in  minutes  is  read  from  stop  watch. 
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APPENDIX  B 

COMPOSITE  LAMINATE  QUALITY  ASSURANCE  TEST  METHODS 

Identical  test  methods  were  employed  for  testing  the  Modmor  II  graphite/BP-907  epoxy  and 
boron/BP-907  epoxy  laminates  unless  otherwise  indicated. 

A.  LAMINATE  MOLD  CYCLE 

1 .  Preheat  press  to  422°K  (300° F). 

2.  Load  prepreg  into  cold  mold. 

3.  Load  cold  mold  into  hot  press.  Apply  contact  pressure. 

4.  Start  applying  additional  pressure  as  panel  reaches  408°  to  422°K  (275°  to  300°F). 

5.  Close  mold  to  stops  at  422°K,  hold  for  2  hours. 

6.  Remove  panel  from  mold. 

7.  Postcure  panel  for  2  hours  at  450°K  (350°F). 

B.  TENSILE  TESTS 

Tests  were  conducted  in  accordance  with  ASTM  Standards  E8-66  and  E21-66T  with  the  fol¬ 
lowing  exceptions: 

1.  The  test  specimen  configuration  used  for  longitudinal,  0°,  tests  of  unidirectional 
material  is  given  in  Figure  B-l . 

2.  An  alignment  fixture  is  employed  to  ensure  that  loading  is  coincident  with  the 
filament  direction  and  that  bending  moments  are  kept  to  a  minimum. 

3.  A  layer  of  compliant  doubler  material,  such  as  fiberglass,  is  bonded  to  gripping 
surfaces  of  all  longitudinal  specimens. 

4.  Strain  gages  are  mounted  on  both  sides  of  the  specimen  in  the  center  of  the  gage 
section  at  midwidth.  These  strain  measurements  are  used  in  modulus  determina¬ 
tions  and  to  confirm  alignment. 

5.  Tests  are  conducted  at  a  strain  rate  of  .005  cm/cm/min  (0.005  in/in/min). 

C.  SHORT  BEAM  INTERLAMINAR  SHEAR  TESTS 

Tests  were  conducted  in  accordance  with  ASTM  Proposed  Standard  Revision  D2344-67  with 
the  following  exceptions: 

1.  The  test  specimen  configuration  used  is  shown  in  Figure  B-2. 

2.  The  span  to  thickness  ratio  is  4.00  ±  0.01  to  1 . 

3.  The  filament  orientation  is  parallel  to  the  longitudinal  beam  axis  within  0°  30'. 
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D.  PANEL  QUALITY  INSPECTION 


Density. 

Panel  densities  were  determined  by  weighing  in  air,  then  weighing  suspended  in  distilled 
water.  Panel  density  is  then : 


density  (g/cc)  = 


dry  weight 

dry  weight  —  wet  weight 


Cured  Ply  Thickness. 

Average  panel  thicknesses  were  determined  using  flathead  micrometer  readings  at  a  mini¬ 
mum  of  6  different  locations.  The  cured  ply  thickness  is  determined  by  dividing  the 
average  thickness  by  the  number  of  plies. 

Volumetric  Analysis  (graphite/epoxy). 

Determination  of  fiber,  resin  and  void  contents  were  made  by  a  wet  chemical  process  em¬ 
ploying  concentrated  nitric  acid  at  339°K  (150°F)  to  dissolve  the  resin  fraction  of  the 
composite.  The  fiber  weight  is  determined  by  weighing  the  residue  after  chemical 
leaching;  the  resin  weight  is  the  difference  between  the  fiber  weight  and  the  original 
specimen  weight.  The  fiber  and  resin  volumes  are  determined  by  dividing  the  con¬ 
stituent  weights  by  their  respective  densities.  The  initial  specimen  volume  is  determined 
by  dividing  the  initial  specimen  weight  by  the  laminate  density.  Constituent  volume 
fractions  are  determined  by  dividing  the  constituent  volumes  by  the  specimen  volume. 
The  void  volume  fraction  is  then: 


Void  Volume  %  =  1 00%  -  Resin  Volume  %  -  Fiber  Volume  %. 
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8.00  Ref. 

- r — - 2^— 

L 

/ 

Fiber  Orientation 

0.250 

0.240 

as  received 


Figure  B-l  Longitudinal  Tensile  Specimen  Unidirectional  Material 


Fiber  Orientation 


as  received 


Surfaces  A  &  B  must  be  flat  and  parallel  within  0.002  FIR 


Figure  B-2  Short  Beam  Shear  Specimen  Unidirectional  Material 
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HAMILTON  STANDARD  DIVISION 
UNITED  AIRCRAFT  CORP. 

WINDSOR  LOCKS,  CT  06096 
ATTN:  A.  JACKSON 

GENERAL  ELECTRIC  CO. 

AIRCRAFT  ENGINE  GROUP 
EVENDALE,  OH  45215 
ATTN:  C.  A.  STEINHAGEN 
M.  GRANDY 
C.  SALEMME 


GENERAL  ELECTRIC  CO. 

LYNN  RIVER  WORKS 
1000  WESTERN  AVE. 

1  LYNN,  MA  01910 

ATTN:  F.  ERICH,  MS  34505  1 

GENERAL  ELECTRIC  CO. 

CORPORATE  RESEARCH  AND  DEVELOPMENT 


CENTER 

1  1  RIVER  RD. 

SCHNECTADY, NY 

ATTN:  S.  LEVY  1 

TRW,  INC. 

1  23555  EUCLID  AVE. 

1  CLEVELAND,  OH 

ATTN:  W.  E.  WINTERS  1 

BELL  AEROSPACE 
DIVISION  OF  TEXTRON 
BUFFALO,  NY  14240 

1  ATTN:  LIBRARY  1 

ILLINOIS  INSTITUTE  OF  TECHNOLOGY 
10  WEST  32ND  ST. 

CHICAGO,  IL  60616 

1  ATTN:  L.  J.  BROUTMAN  (PROF.)  1 

PURDUE  UNIVERSITY 
WEST  LAFAYETTE,  IN 

ATTN:  C.  T.  SUN  (PROF)  1 

1  DREXEL  UNIVERSITY 

PHILADELPHIA,  PA 

ATTN:  P.  C.  CHAU  (PROF).  1 

NORTHWESTERN  UNIVERSITY 
1  EVANSTON,  IL 

ATTN:  J.  D.  ACHENBACH  (PROF)  1 

HERCULES,  INC. 

WILMINGTON,  DE  19899 

1  ATTN:  G.C.  KUEBELER  1 

UNIVERSITY  OF  FLORIDA 
GAINESVILLE,  FL 

ATTN:  G.  NEVILL  (PROF)  1 

1  R.  L.  SIERAKOWSKI  (PROF)  1 

GEORGE  WASHINGTON  UNIVERSITY 
ST.  LOUIS,  MO  63130 

ATTN:  E.  M.  WU  (PROF.)  1 

1 
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GRUMMAN  AEROSPACE  CORP. 

S.  OYSTER  BAY  RD. 

BETHPAGE,  LONG  ISLAND,  NY  11714 
ATTN:  R.  N.  H ADCOCK 


BOEING  AEROSPACE  CO. 
P.O.  BOX  3999 
SEATTLE,  WA  98124 
1  ATTN:  H.  HIGGINS 


NORTH  AMERICAN  AVIATION  DIVISION 
ROCKWELL,  INC. 

INTERNATIONAL  AIRPORT 
LOS  ANGELES,  CA  90009 

ATTN:  J.  FORD  1 

HUGHES  AIRCRAFT  CO. 

AEROSPACE  GROUP 
CULVER  CITY,  CA  90230 

ATTN:  R.  W.  JONES  (DR.),  MS  D132  1 

LOCKHEED  CO. 

BURBANK,  CA 

ATTN:  T.  HIGGINS  1 

LOCKHEED-GEORGIA  CO. 

MARIETTA,  GA  30060 

ATTN:  H.  S.  SWEET  1 

GOODYEAR  AEROSPACE  CORP. 

1210  MASSILON  RD. 

AKRON,  OH  44315 

ATTN:  G.  L.  JEPPESEN  1 

VERTOL  DIVISION 
THE  BOEING  CO. 

PHILADELPHIA,  PA  19142 

ATTN:  R.  A.  PINCKNEY  1 


BOEING  CO. 

WICHITA  DIVISION 
WICHITA,  KS  67210 

ATTN:  D.  TORKELSON  1 

MARTIN-MARIETTA  CORP. 

DENVER,  CO 

ATTN:  A.  HOLSTON  1 

BATTELLE  MEMORIAL  INSTITUTE 
505  KING  AVE. 

COLUMBUS,  OH  43201 

ATTN:  L.  E.  HULBERT  (DR.)  1 

BABCOCK  AND  WILCOX  CO. 

ADVANCED  COMPOSITES  DEPARTMENT 
P.  O.  BOX  419 
ALLIANCE,  OH  44601 

ATTN:  R.  C.  YOUNG  1 

NATIONAL  BUREAU  OF  STANDARDS 
ENGINEERING  MECHANICS  SECTION 
WASHINGTON,  DC  20234 

ATTN:  R.  MITCHELL  (DR.)  1 

UNIVERSITY  OF  DAYTON  RESEARCH  INSTITUTE 
DAYTON,  OH  45409 

ATTN:  F.  K.  BOGNER  (DR.)  1 


WHITTAKER  CORP. 

RESEARCH  AND  DEVELOPMENT  CENTER 
3540  AERO  CT. 

SAN  DIEGO,  CA  92123 

ATTN:  R.  K.  BERG  (DR.)  1 

SOUTHWEST  RESEARCH  INSTITUTE 
8500  CULEBRA  RD. 

SAN  ANTONIO,  TX  78284 

ATTN:  G.  C.  GRIMES  1 

IITRI 

10  WEST  35 TH  ST. 

CHICAGO,  IL  60616 

ATTN:  I.  M.  DANIEL  (DR.)  1 

LAWRENCE  LIVERMORE  LABORATORY 
UNIVERSITH  OF  CALIFORNIA 
P.O.  BOX  808,  L-421 
LIVERMORE,  CA  94550 

ATTN:  T.  T.  CHIAO  1 


DETROIT  DIESEL-ALLISON  DIVISION 
GENERAL  MOTORS  CORP. 

INDIANAPOLIS,  IN 

ATTN:  M.  HERMAN  (DR.)  1 

SIKORSKY  AIRCRAFT  DIVISION 
UNITED  AIRCRAFT  CORP. 

STRATFORD,  CT  06602 

ATTN:  M.  SALKING  (DR.)  1 

PRINCETON  UNIVERSITY 

DEPARTMENT  OF  AEROSPACE  AND  MECHANICAL 
SCIENCES 

FORRESTAL  CAMPUS 
PRINCETON,  NJ  08540 

ATTN:  F.  C.  MOON  (DR.)  1 

ALUMINUM  COMPANY  OF  AMERICA 
1200  RING  BUILDING 
WASHINGTON,  DC  20036 
ATTN:  G.  B.  BARTHOLD 
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TELEDYNE-CAE 
1330  LASKEY  RD. 

TOLEDO,  OH  43601  1 

ROHR  CORP. 

BOX  878 

ROOT  AND  H  STS. 

CHULA  VISTA,  CA 

ATTN:  F.  HOM  1 

LING-TEMCO-VOUGHT,  INC. 

P.O.  BOX  6267 
DALLAS,  TX  75222 

ATTN:  N.  W.  TILLINGHOST  1 

GRUMMAN  AEROSPACE  CORP. 

SOUTH  OYSTER  BAY  RD. 

BETHPAGE,  NY  11714 

ATTN:  C.  HOELTZER  1 

LYCOMING  DIVISION 
AVCO  CORP. 

550  S.  MAIN  ST. 

STRATFORD,  CT  06497 

ATTN:  H.  JORDAN  1 

AEROSPACE,  INC. 

2350  E.  EL  SEGUNDO  BLVD. 

EL  SEGUNDO,  CA  90045 

ATTN:  E.  HINZ  1 
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